[1] As methane is consumed in the deep sea, its 13 C/ 12 C ratio progressively increases because of kinetic isotope fractionation. Many submarine hydrothermal vents emit methane with carbon isotope ratios that are higher than those of background methane in the surrounding ocean. Since the latter exists at low concentrations, mixing of background methane with vent fluid tends to decrease the 13 C/
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[1] As methane is consumed in the deep sea, its 13 C/ 12 C ratio progressively increases because of kinetic isotope fractionation. Many submarine hydrothermal vents emit methane with carbon isotope ratios that are higher than those of background methane in the surrounding ocean. Since the latter exists at low concentrations, mixing of background methane with vent fluid tends to decrease the 13 C/ 12 C ratio as concentration decreases, opposite to the trend produced by consumption. We investigated CH 4 concentration and d 13 C together with d 3 He in plumes from the Logatchev hydrothermal field (LHF) located at 14°45 0 N, 45°W, which generates relatively heavy methane (d 13 C % À13%) by serpentinization of ultramafic rock. The measured methane and d 3 He were well correlated at high concentrations, indicating a CH 4 / 3 He ratio of 1 Â 10 8 in the vent fluids. These tracer distributions were also simulated with an advection-diffusion model in which methane consumption only occurs above a certain threshold concentration. We utilized d 3 He to calculate the methane remaining in solution after oxidation, f, and the deviation of d
13
C from the value expected from mixing alone, Dd 13 C. Both in the model and in the data, the entire set of Dd
C values are not correlated with log f, which is due to continuous oxidation within the plume while mixing with background seawater. A linear relationship, however, is found in the model for methane at concentrations sufficiently above background, and many of the samples with elevated CH 4 north of LHF exhibit a linear trend of Dd 13 C versus log f as well. From this trend, the kinetic isotope fractionation factor in the LHF plumes appears to be about 1.015. This value is somewhat higher than found in some other deep-sea studies, but it is lower than found in laboratory incubation experiments.
Introduction
[2] Fluids emitted from submarine hydrothermal vents are enriched in a variety of compounds that include the dissolved gases, methane, hydrogen and 3 He. Even after vigorous dilution by ambient seawater during the rise of the hydrothermal effluent, the concentrations of these gases in the resulting neutrally buoyant plume often remain well above those in normal seawater. The absolute amounts and the ratio of these gases to each other in vent fluids vary widely between hydrothermal systems because different processes influence their production.
3 He flux appears to be coupled to magma production rate at spreading centers [Farley et al., 1995] , while methane may be derived from magmatic outgassing, rock-water reactions such as serpentinization of ultramafic rock, and thermogenic production [Welhan, 1988; Charlou et al., 1998; Lilley et al., 1993] .
[3] The major sinks for these gases are different as well. Helium-3 is conservative within the ocean and is eventually lost to the atmosphere. Methane and hydrogen in the deep ocean, on the other hand, disappear much more quickly because of microbial oxidation. Methane in particular appears to be consumed at various specific rates, even within the lateral plume. From 14 CH 4 incubation experiments, de Angelis et al. [1993] determined specific rates between 0.02 and 0.15 day À1 in the Endeavor plume, with the maximum rate occurring in samples collected about 2 km away from the vent field. They suggested that a population of methaneoxidizing bacteria develops in the plume and influences the oxidation rate. Estimates of the average specific rate in other methane plumes range from 0.002 to 0.01 day À1 [Tsunogai et al., 2000; Valentine et al., 2001; Keir et al., 2008] . In newly formed deep waters, the turnover time appears to be much longer, on the order of decades [Rehder et al., 1999; Heeschen et al., 2004; Keir et al., 2005] . In the bulk of the deep ocean, methane never disappears completely and retains a low, relatively constant ''background'' concentration of 0.4 to 0.5 nM in the Atlantic and 0.2 to 0.3 nM in the Pacific [Charlou and Donval, 1993] . Thus, it appears that once the concentration reaches this level, microbial oxidation virtually ceases [Scranton and Brewer, 1978] .
[4] Isotope measurements have shown that the 13 C/ 12 C ratio of methane increases in aging hydrothermal plumes [Tsunogai et al., 2000; Cowen et al., 2002] , which is due to the slightly faster consumption of 12 CH 4 relative to that of 13 CH 4 . If the kinetic isotope effect is known, one can in principal assess the extent of microbial methane oxidation from the distribution of the carbon isotope ratios [e.g., Valentine et al., 2001; Tsunogai et al., 2005] using the closed system Rayleigh model of isotope fractionation [e.g., Coleman et al., 1981] . Two difficulties in applying this model are that (1) kinetic isotope fractionation in natural seawater environments is not completely understood and (2) the plume is not a closed system in that the isotope ratios are also affected by continuous mixing with surrounding water as the plume advects and disperses.
[5] In regard to the first point above, relatively low isotope fractionation factors (a = 1.004 to 1.01) have been derived from several field studies of methane carbon isotopes in the cold environment of the intermediate and deep ocean [Tsunogai et al., 2000; Cowen et al., 2002; Grant and Whiticar, 2002; Heeschen et al., 2004] . This might occur if microbial isotope fractionation decreases with decreasing temperature, as suggested by Coleman et al. [1981] on the basis of their incubation experiments. Other workers emphasize the role of methantrophic bacterial cell density [Templeton et al., 2006; Kinnaman et al., 2007] . The continuous flow experiments of Templeton et al. [2006] indicate that greater fractionation occurs at low cell densities and high methane concentrations, whereas at high densities and low concentrations, almost no fractionation occurs. The latter is ascribed to ''diffusion limitation'' into the bacterial cells. Whether such substrate limitation affects isotope fractionation in open ocean environments is not known.
[6] Aside from the question of variable fractionation, mixing of plume and ambient water adds another complication to the interpretation of oceanographic methane carbon isotope ratios. When the source d 13 C is heavier than in the background methane, which is the case in many submarine hydrothermal systems, mixing and oxidation produce opposite effects on the trend of the isotopic ratio as the concentration decreases. In order to examine these effects, we surveyed methane, its carbon isotope ratio and 3 He in the vicinity of the main Logatchev hydrothermal field (LHF-1) at 14°45 0 N on the Mid-Atlantic Ridge (MAR). As an aid to interpreting this data, we also simulated these tracers according to constant advection, diffusion and isotope fractionation in a model with discontinuous first-order kinetics of methane oxidation. We then use the distribution of 3 He, a conservative tracer, to estimate the extent of methane consumption and degree of isotope fractionation, both in the observed data and in the model. The latter provides some foundation as to the reliability of this procedure.
[7] Discovery of the Logatchev hydrothermal field was the result of several Russian expeditions during the mid-1990s [Cherkaschev et al., 2000; Sudarikov and Roumiantsev, 2000] . LHF is one of six known high-temperature vent fields on the MAR that are hosted in gabbroic and ultramafic rock. Vent fluids from the main field were first sampled during the French MICROSMOKE expedition in 1996 [Douville et al., 2002] . The fluids contain high concentrations of hydrogen ($16 mM) and methane ($3 mM) Schmidt et al., 2007] , apparently due to serpentinization of the mantle rock [Charlou et al., 1998 ]. The d
13
C of the methane emitted from the various vents at LHF-1 appears to have remained almost constant since it was first measured by Lein et al. [2000] . They reported d Table 1 . These values (site average d 13 C = À12.8 ± 0.8%) are typical of hydrothermal vent fluids and plumes investigated elsewhere on the MAR ( Figure  1a ) and are heavier than in methane from biogenic or thermogenic sources [Welhan, 1988; Lilley et al., 1993] . LHF-1 is located on the eastern side of the rift valley and consists of at least six active vent sites lined up over a distance of about 600 m. Although these sites exhibit a diversity of venting styles, from diffuse to black smokers, the end-member concentrations of major and most trace elements are similar at all of the vents, indicating a common source in the reaction zone [Schmidt et al., 2007] .
[8] Previous work indicated that fluids emanating from the LHF-1 reach different heights above the bottom because of the different types of venting [Sudarikov and Roumiantsev, 2000; Zhou et al., 2007 ; H. Marbler et al., Distribution and structure of the black smoker plume at Logatchev hydro- [Schmidt et al., 2007] . In contrast, active venting has recently been found 5 km to the southeast of the main field at a site designated LHF-2 (position in Figure 1b) , and these fluids have low chloride content [Fouquet et al., 2008] . West and northwest of the main field, methane anomalies have been reported near the bottom at depths ($3200 m) greater than those of the known vents [Zhou et al., 2007; Marbler et al., presented paper, 2006] . Whether this might be due to a downslope-flowing plume from the main vent field or to an additional vent(s) located at deeper depths is not known.
Methods
2.1. Sampling [10] Vent fluids were sampled using remote operated vehicles (ROVs) on 4 research expeditions, Meteor 60/3 and 64/2, M. S. Merian 4/3 and L'Atalante. Different sampling devices were employed on these cruises. On MSM 4/3, the vents were sampled with piston-activated titanium (MA-JOR) samplers, while on M60/3, M64/2 and L'Atalante, the fluids were obtained by pumping into Teflon cylinders (KIPS) mounted on the ROV [Schmidt et al., 2007] . Neither of these samplers is tight against overpressures that develop from the high gas concentrations in the vent fluids. Loss of gas, however, is not expected to significantly affect the methane carbon isotope measurements as long as this is not accompanied by air contamination. Fluid from the MAJORs was extracted directly into preevacuated 250-and 500-ml bottles. Since the vacuum retracted the piston against the spring tension, it appeared that no air contamination occurred. For the KIPS, air contamination was minimized by opening an air vent at the top of the sampler and immediately drawing a relatively small volume of the fluid into an evacuated bottle through a second vent near the base of the sampler.
Analysis
[11] Seawater samples for helium isotope analysis were collected by crimping copper tubes while flushing with a continuous flow from the Niskin bottle. The 3 He/ 4 He ratio was subsequently determined by mass spectrometry at the University of Bremen according to the method described by Sültenfuß et al. [2009] .
[12] Methane was analyzed using a partial vacuum extraction method described previously [Rehder et al., 1999; Keir et al., 2005; Buller, 2008] . Dissolved gas was extracted into a head space by drawing seawater into evacuated bottles that were filled about two-thirds full. The gas phase was subsequently recompressed to atmospheric pressure and transferred to a gas burette. For water column samples, the volume of seawater taken was monitored with a flowmeter, and the efficiency of gas extraction was estimated from the ratio of observed gas volume to that expected from dissolved N 2 , Ar and O 2 . For the Merian and L'Atlante cruises, the efficiency was 90 ± 6%. The mixing ratio of methane was then analyzed on an aliquot of the extracted gas using a gas [Buller, 2008] . The remainder the gas sample was conserved in 20-ml vials, and the carbon isotope ratio determined with inline ratio monitoring mass spectrometry ashore, as described by Rice et al. [2001] . Figure 2 . The central part of the section includes a tow-yo (MSM Station 258), during which optical backscatter intensity was monitored with miniature autonomous plume recorders (MAPRs; see Walker et al. [2004] for description). In each of the sections, particle concentrations (backscatter) from the tow-yo are indicated by the black color intensity. The backscatter data clearly indicate a ''split level'' structure at the time of the tow-yo, with particle clouds drifting southward between 2700 and 2900 m and a lower plume moving northward near the bottom. As the bottom descends below 3000 m to the north, this plume detaches from the bottom and remains at about constant depth.
[14] The chemical tracer sections in Figure 2 are based on vertical hydrocasts as well as samples captured during the tow-yo. To the south of the vent field, these casts were taken on M. S. Merian during the week following the tow-yo, while stations to the north were taken 11 months later on L'Atalante. Thus, the spatial distributions are not synoptic and are subject to temporal variations in the current field. Nevertheless, the overall distributions of d 14.76°N and 14.78°N the water samples collected during the tow-yo near this depth contained low 3 He/ 4 He ratios and methane concentrations. This also appears as an ''intrusion'' of isotopically lighter methane in Figure 2c [15] The distribution of methane d 13 C differs from the patterns exhibited by d 3 He and methane concentration ( Figure 2c ). In the vicinity of the main vent field, a relatively uniform d 13 C of about À13% from the bottom upward to a depth of 2400 m reflects the carbon isotope ratio of methane in the vent fluids. Methane with this isotopic ratio also extends southward at 2750-m depth, coincident with the methane plume at that level. Heavier carbon isotope ratios (d 13 C > À10%) developed with distance from the vents, but these ratios were more extensive to the north of the vent field than south of it. To the south at the time of the Merian cruise, heavy isotope ratios developed with distance directly underneath the 2750 m plume axis, but not overtop of it. When the southernmost station was reoccupied by L'Atalante 11 months later (ATA 20), a methane peak was again found at 2750 m, with a somewhat lower maximum concentration. The carbon isotope ratio of the peak methane had increased significantly, from d 13 C = À13% to À2% (Figure 3 ), which may be indicative of either more extensive oxidation or a contribution of heavy C isotopes from LHF-2. The carbon isotope ratio of CH 4 in LHF-2 vent fluids has been found to be heavier than at LHF-1 [Charlou et al., 2009] , but the distribution of the plume from this vent is unknown.
[16] On the five stations where carbon isotopes were measured above 2300 m, the isotope ratio grades toward lighter values upward from this depth (see Figures 7, 9, and 10). The gradient is quite sharp at about 2100 m. Relatively low isotope ratios (d 13 C < À14%) also appeared in low concentrations of methane found in near-bottom water to the south of the vent field (Figure 2c ). He ratio of about 4 Â 10 8 [Keir et al., 2008] .
CH 4 Versus

Mixing With Background Methane
[18] Although the d 13 C of background methane throughout the ocean is very poorly known, it is [Keir et al., 2005] . At a test station 550 km off-axis to the west of the LHF during the Merian cruise (MSM 242, see Figure 1a for position), we measured an average d 13 C of À35.8 ± 2.7% on methane extracted from four water samples (0.7 ± 0.1 nM) collected at 2995 m depth.
[19] Figure 5 shows a plot of methane d 13 C versus concentration for all samples collected below 1800 m depth in the LHF region (stations in Figure 1b) . Also shown is a mixing line generated by adding methane with d 13 C = À13.5% to a solution of 0.5 nM CH 4 with d 13 C = À35%. The measured carbon isotope ratios either lie on this line or they cluster with higher values above it. The largest deviations from the mixing line occur at the lowest concentrations, at which there exists a wide range of d
13
C. This pattern evidently results from the opposing effects of mixing, which tends to produce light isotopic ratios at low concentrations, and consumption, which tends to produce heavy d 13 C in the depleted methane.
Advection-Diffusion Model: Description
[20] We constructed a highly idealized advectiondiffusion model in order to observe how mixing and flow together with oxidation affect the relationship of d 3 He, methane concentration and d
13
C in a such a system. The model is two-dimensional, consisting of a rectangle 2 km high and 50 km long, which we conceive of as a rift valley segment open at both ends. Horizontal advection is uniform throughout the model space, and there is no vertical advection. Concentration and isotope ratios are fixed at open ocean values at the top boundary, and there is no flux at the bottom. At the entrance (left boundary), influx due to the flow of background water is balanced by the combination of advection and horizontal diffusion away from the boundary. Outflux at the right boundary is carried solely by advection. The model contains a single point source located 9.75 km downstream of the entrance and 900 m below the top boundary. As such the source is 1100 m above the bottom, which is a much greater height than that of plumes ascending from hydrothermal vent fields. However, LHF-1 is situated on a protrusion of the eastern wall that is about 800 m above the valley floor. The height of the point source in the model corresponds roughly to that elevation plus the rise height of the plume. The effect of regionally distributed sources (e.g., LHF-2) has not been considered in the model.
[21] As mentioned in the introduction, the oxidation rate of methane appears to depend on bacterial mass and virtually ceases below a certain background methane concentration. Nihous and Masutani [2007] take the former into account by including methantroph carbon concentration as a state variable and formulating the consumption kinetics as proportional to the product of it and the methane concentration. In their models, methane is completely consumed at distance from the source. We considered the kinetics in such a way that consumption depends only on the concentration of methane, but it is not completely depleted. The specific oxidation rate is taken to be constant when the resulting [CH 4 k ox . Because of the discontinuity in the kinetics, there exists a region surrounding the source in which oxidization takes place and the methane concentration remains above or equal to the threshold. The method used for finding this region during the numerical solution of the methane distribution is described in Appendix A.
[22] An important reason for the inclusion of the kinetic discontinuity is that it adds a certain amount of ''realism'' to the distribution of carbon isotope ratios. Methane advecting or diffusing into the model only begins to be consumed when higher concentrations dispersing from the source are encountered. Thus, carbon isotope ratios within the model space containing background methane levels are not subject to fractionation locally. With continuous first-order kinetics on the other hand, methane begins to decrease on entering the model space, and because of isotope fractionation, very low concentrations of methane containing high d 13 C develop upstream, away from the source. This has not been observed in the field.
[ 
Model Parameterization
[24] The physical parameters of the model were chosen on the basis of work done in other rift valley segments on the MAR. These are as follows:
[25] 1. Horizontal advection, u = 100 km a À1 % 0.3 cm s À1 . Thus, the residence time of water in the model is 0.5 year. Murton et al. [1999] estimate a replacement time of 0.7 years in the Broken Spur segment; Thurnherr et al. [2002] estimate water residence times of 3 and 5 months in the AMAR and South AMAR segments near 36°N.
[26] 2. Vertical eddy diffusion, K z = 0.3 km 2 a À1 % 0.01 m 2 s À1 . This value is greater than found on the flanks of the MAR [Polzin et al., 1997] , but it is the same order of magnitude as K z found by Thurnherr [2006] in the rift valley at 36°N. This vertical eddy diffusion is also similar to estimates of K z in the vicinity of the Drachenschlund hydrothermal vent based on methane distribution [Keir et al., 2008] and on density profiles from tow-yo CTD casts (M. Walter et al., Rapid dispersal of a hydrothermal plume by turbulent mixing, submitted to Deep Sea Research, 2009).
[27] 3. Horizontal eddy diffusion, K x = 300 km 2 a À1 % 10 m 2 s À1 . This is a guess at what may be a crude analog of dispersion in the presence of tidally varying currents. Lateral dispersion of the methane plume from the Drachenschlund vent appeared to be in the range of 2-20 m 2 s À1 [Keir et al., 2008] . The K x we employ in the model is greater than what one might expect in the surface ocean, where horizontal eddy diffusion appears to be dependent on the length scale of mixing [Joseph and Sendner, 1958] . According to Okubo's [1971] summary of tracer release experiments, a K x of 0.3 m 2 s À1 would be expected for a 50 km length scale.
[28] The chemical parameters in the model were chosen somewhat arbitrarily and not so much with the intention of fitting the model to the data that we collected. The rate constant for methane oxidation at concentrations !0.5 nM, k ox = 10 a À1 , is a rough average of results obtained from previous plume studies [de Angelis et al., 1993; Tsunogai et al., Valentine et al., 2001; Grant and Whiticar, 2002; Keir et al., 2008] . The isotope fractionation factor in the model is taken for illustrative purposes to be a = 1.010, which is within the range of previous studies [Tsunogai et al., 2000; Grant and Whiticar, 2002; Heeschen et al., 2004; Kinnaman et al., 2007] . The molar ratio of CH 4 to 3 He in the model source is 10 8 , which is what is observed at LHF-1. A methane flux per unit width equal to 1000 mol m À1 a À1 was supplied to the 40 m Â 500 m box enclosing the source. This source produces a CH 4 maximum of about 50 nM within this grid box, which is well above background but not necessarily typical of the water column within a few hundred meters of the LHF-1 vents. Higher concentrations were often encountered in this vicinity during the Merian and L'Atalante cruises, especially during tow-yos over the vent field. The d 13 C of the methane source was taken as À14%, the original value measured by Lein et al. [2000] .
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Model Results
[29] The distributions of d 3 He, methane and methane 13 C develops that is bounded above and below by sharp vertical gradients toward lighter values. The isotope ratio of high concentrations of methane is nearly unaffected by mixing with lighter methane at low concentration, and near the source, consumption and isotope fractionation increase the 13 C/ 12 C ratio as methane mixes vertically. This produces a slight double maximum in the d 13 C vertical profile. Farther out on the flanks of the plume where methane decreases to levels approaching that of the background, mixing with low-d 13 C, lowconcentration methane reverses this trend and sharp gradients occur.
[31] In Figure 4 the domain of model-predicted CH 4 versus d 3 He (gray transparency) is superimposed on the measured data. Oxidation in the model perturbs the mixing line such that these properties occupy a narrow triangular-shaped area below the line. Higher concentrations of CH 4 and 3 He extend parallel to the mixing line, while the lowest methane concentrations in the model are associated with a range of d 3 He between 3% (the low end-member) and 7%. This pattern seems to appear in the data as well, with the observed d 3 He at low CH 4 concentrations scattered over a somewhat broader range. Besides measurement deviations, this 
Vertical Distribution of Tracers in the Hydrothermal Plume and in the Model
[32] To the north of LHF-1, the measured tracer profiles resemble to some degree those simulated at the corresponding distance downstream of the source by the model (Figures 7-10 ). Maximum concentrations of 3 He and CH 4 at ATA-10 near the vent field are 2 to 3 times higher than those simulated by the model at the source position (Figure 7 ), but the concentration profiles beyond 5 km downstream become more similar to those observed (Figures 9 and 10) . In contrast to the concentrations, the model-simulated d 13 C-CH 4 profiles are fairly similar to those observed at all four station positions north of LHF-1 (Figures 7-10) . We regard the above discrepancy as a limitation of the 2-D model in which the plume cannot disperse as rapidly as in the three-dimensional ocean where lateral dispersion normal to the plume axis also occurs. This limitation does not seem to manifest itself clearly on the methane 13 C/ 12 C ratios because mixing only affects them as low concentrations are approached. For example, whether the methane concentration at the source position is 100 Â or 300 Â the background has no significant effect on the isotope ratio.
[33] Temporal variation of tracers near the vent field can be large, as seen at two stations (ATA 25 and 28) 1.5 km north of the vent field that were taken 2 days apart. The maximum methane concentration increased by a factor of about 6 during this time (Figure 8a) , while d 13 C shows a small decrease (Figure 8c ). This may be expected since intrusion of ''fresh'' hydrothermal methane should decrease the d 13 C toward a limit of about À13%. The measured profiles of methane and d 3 He are ''noisy'' with multiple peaks. Helium isotopes were only measured on ATA Station 25, and here a strong peak of d
3
He that had no methane counterpart occurred at 2570 m (Figure 8b ). At this depth on both stations, the methane d 13 C exhibits a positive excursion to about À3%, perhaps indicating enhanced microbial oxidation at this depth (Figure 8c ).
[34] During the L'Atalante cruise, the most distant stations were taken 11 km from the hydrothermal field, to the north (ATA 18), south (ATA 20), and west (ATA 11; positions in Figure 1b) . Maximum concentrations of methane and 3 He were somewhat different at these stations, with lower values to the west, but the d 13 C profiles were fairly similar at all three ( Figure 10 ). These stations exhibit the heaviest carbon isotope ratios, which reach a d 13 C of about +2%. Although conceptually all 3 stations cannot be ''downstream'' at the same time, there is a certain similarity between these station profiles and those produced by the model 11 km downstream of the source. At ATA 18 (north), the methane and d 3 He profiles contain spikes at 2710 and 2980 m. At these depths, the methane d 13 C shows negative excursions toward the vent fluid value, as if layers of hydrothermal methane were intruding into the aging plume.
[35] The overall similarity of the tracer distributions predicted by the model to those observed north of LHF-1 may indicate that, despite the complicated mixing and circulation within the rift valley, the model serves as a rough analog of the interaction of mixing and isotope fractionation within the system.
Kinetic Isotope Fractionation Factor
[36] In order to estimate the kinetic isotope fractionation, we first consider the methane concentra- should indicate the amount of hydrothermal methane that would be added to a parcel of seawater in the absence of consumption. A problem here is that the background level of d 3 He 0 is not perfectly constant throughout the depth range of the rift valley (2-4 km). In the western tropical Atlantic (GEOSECS stations 37 and 40; positions in Figure  1a ), there is a small d He maximum of about 3% at 3 km depth and minimum values of about 1% above and below at 2 and 4 km depth [Jenkins and Clarke, 1976] . Salinity at these stations decreases continuously from 34.97 to 34.89 psu throughout this depth range. On this basis, we use the measured sample salinity to assign d 3 He 0 using the function shown in Figure 11 . From the trend of CH 4 versus d 3 He at high concentrations, the methane concentration expected in the absence of oxidation, C*, is calculated from
where the slope corresponds to a CH 4 / 3 He mole ratio of 10 8 in the vent source. The carbon isotope ratio expected in the absence of oxidation, d*, can then be calculated from the mixing equation
where d p refers to the d 13 C of methane in the vent fluid, and the subscript, 0, refers to methane concentration and d 13 C in background seawater, taken as 0.5 nM and À35%. The fraction of methane remaining after subsequent oxidation can then be calculated as f = C CH4 /C* CH4 , where C CH4 is the measured or the model-simulated concentration. The apparent increase in the carbon isotope ratio, Dd 13 C, can be obtained from the difference between the observed d 13 C and that expected from mixing only in equation (2).
[37] If the vent fluid first mixed rapidly with background seawater within a certain volume of the plume and this were followed by oxidation in a closed system as this volume ''aged,'' one would expect Dd 13 C to follow the Rayleigh relationship given by
The remaining fraction, f, and Dd 13 C have been calculated from the model results and from the observed data according to the procedure above and plotted in the diagrams shown in Figure 12 . In neither case do the entire data/model sets follow a linear relationship (on a semilog plot) as predicted from equation (3). In the case of the model, many of the points, including all of those where [CH 4 ] ! 2 nM (squares in Figure 12a ), fall on a straight line that forms an upper limit of Dd 13 C at any particular f (Figure 12a ). The slope of this line is equivalent to a fractionation factor (1.0084) that is slightly less than the value (a = 1.010) applied in the model. This deviation from the true value appears to occur because the system is open to mixing with methane in background water with relatively low d 13 C. Dd 13 C values less than predicted by the apparent fractionation factor occur in the ''far-field'' away from the source, in low concentrations of methane. The diagram of Dd 13 C versus log f derived from the measured data also appears as a cloud of points bounded by a negative sloping line (Figure 12b ). Almost all data that fall on or near this line come from L'Atalante samples with [CH 4 ] ! 2 nM, but in contrast to the model, not all data with [CH 4 ] ! 2 nM fall on the line.
[38] The Dd 13 C values that are lower than expected from the Rayleigh function indicate that mixing is not rapid compared to oxidation throughout the entire rift valley/model domain. Even negative Dd
13
C values appear, both in the model and the data, which means that oxidation has resulted in lower methane d 13 C at that particular location than the isotope ratio would have been in the absence of consumption. This may at first seem strange. Negative Dd 13 C occur on the outer flanks of the model plume, where the hydrothermal methane component has already strongly decreased because of prior consumption before reaching these locations. This reduces the percentage of hydrothermal source methane (but not 3 He) mixing with background water to such an extent that the resulting d 13 C is less than it otherwise would have been if the nonoxidized aliquot of hydrothermal methane with d 13 C = À14% had been allowed to mix to this point. This may be illustrated by the following example.
[39] In the model, the most negative Dd 13 C = À6.96% occurs far downstream near the top and right boundaries (x = 49.75 km, z = 60 m). d 3 He = 3.225% at this position, from which C* CH4 in the absence of oxidation is found from equation (1) to be 1.1105 nM. From equation (2), d
13 C* is calculated to be À23.46%. (These values are also found when the model is run with k ox = 0). If 55% of this methane were then consumed in a closed system with a = 1.01, a concentration of 0.5 nM and d 13 C of À15.71% would result. However, the model produces C CH4 = 0.50 nM and d 13 C = À30.42% at this position, the latter being lower than even the d 13 C* calculated in the absence of oxidation. Alternatively, we can consider an initial rapid oxidation of methane starting with the tracer values in the grid box surrounding the source (x = 9.75 km, z = 900 m), which are d C, the hydrothermal methane component in this scenario becomes too small to appreciably affect the carbon isotope ratio. Thus, the ''order of events,'' the relative rates of mixing and consumption, as the plume ages can make a big difference in the resulting carbon isotope ratio. Because of its distance from the source and its proximity to the upper boundary, the model-simulated d
C at x = 49.75, z = 60 is more similar to the ''oxidationfirst'' extreme than to that of ''mixing-first.'' These cases are summarized in Table 2 .
[40] The similarities between observed and modelproduced vertical profiles shown in the previous section suggest that the LHF plumes behave somewhat analogously to the model. Since ''elevated'' concentrations (!2 nM) of methane seem to behave roughly analogous to locally rapid mixing in the near-field, we interpret the ''boundary'' line in Figure 12b as indicating the approximate value of the fractionation factor. The apparent value of a corresponding to the slope of this line is 1.015. If our model analog is correct, the true value of a might be a little higher because of the effect of hydrothermal methane depletion.
Discussion
[41] As mentioned in the introduction, a few studies have found low isotope fractionation factors in the deep sea, with a on the order of 1.004 to 1.008 [Tsunogai et al., 2000; Cowen et al., 2002; Heeschen et al., 2004] . Considering that the neutrally buoyant plumes from the LHF have roughly similar temperatures, between 2 to 3°C, to environmental conditions in those studies, the fractionation factor that we obtain appears somewhat higher. On the other hand, the isotope fractionation that we find is less than observed in the laboratory experiments of Kinnaman et al. [2007] , who report an a = 1.027 ± 0.004 from incubations of sediment obtained at cold seeps. This could be due, at least in part, to the warmer temperature (15°C) of their experiments. Kinnaman et al. [2007] also found that the methane carbon isotope fractionation appeared to change during the course of the incubations, with lower fractionation occurring near the end of the experiments. They suggest that this might have been caused by substrate limitation being reached at the relatively lower methane concentrations. Thus, qualitatively, one might expect that fractionation might be greater in environments with relatively higher methane concentrations. LHF-1 is certainly one of those areas, with methane concentrations up to about 500 nM in samples collected on tow-yo CTDs over the site. The maximum methane concentrations at the sites studied by Tsunogai et al. [2000] (Myojin Knoll Caldera) and Heeschen et al. [2004] (Weddell Sea Bottom Water) are significantly lower (12 nM and 3 nM respectively). These workers found the lowest fractionation factors of about 1.005. In contrast, the Endeavor Segment of the Juan de Fuca Ridge produces a powerful methane plume supplied by thermogenesis . Concentrations up to 600 nM in the plume there were reported in the study of Cowen et al. [2002] . Their value of a = 1.008 is slightly higher than the fractionation factors found in the Myojin Knoll and in Weddell Sea Bottom Water, but this value is somewhat lower than our estimate for the LHF. Thus, it remains unclear as to what exactly could be promoting variation in carbon isotope fractionation 
Conclusions
[42] The methane geochemistry of the LHF-1 plumes appears to be influenced by advection and mixing of background seawater with vent fluids along with oxidation. Other active sites near the main field, such as LHF-2, may also exert an influence as well. The relationship of methane d 13 C to concentration thereby becomes more complex than in a simple closed system. A model simulation indicates approximate Rayleigh-type fractionation can appear in the near field plume where mixing occurs on a shorter time scale than that of methane oxidation. Applying this analogy to the Logatchev plume data, it appears that the kinetic fractionation factor is about 1.015. The model and the observations also indicate that the relative rates of consumption and mixing with background seawater as the plume ages exerts a strong influence on the 13 C/ 12 C ratio of low methane concentrations within the rift valley.
Appendix A: Calculation of Rate Constant Matrix and Methane Distribution
[43] The model distribution of the methane concentration, q(x, z), is governed by the partial differential equation
where the physical parameters, u, K x and K z are taken to be constant throughout the model domain.
There is a point source, J(a, b) = J 0 ; otherwise J(x, z) = 0. The methane concentration at the top boundary is fixed at a ''background'' concentration, c b . Methane with this concentration advects into the model domain at the left boundary, and at the right boundary (x = L 1 ), all of the outflux is carried by the flow. At the bottom (z = L 2 ), there is no flux. Formally, the boundary conditions are as follows:
[44] The specific rate of methane consumption, k(q), is two-valued, being either a specified constant, k 1 , or zero. Which value applies at a particular point (x, z) is determined by whether or not q(x, z) < c b results at this point when k(x, z) = k 1 . If this is true, then k(x, z) = 0; otherwise k(x, z) = k 1 . One could think of this as ''sufficient or starve'' consumption. Either there is a supply of methane !k 1 c b to a particular position, in which case the consumption is first-order, or otherwise there is no consumption at that position. Thus, the problem is to find both the methane distribution that satisfies equation (1) and the associated k(x, z) that satisfies the ''sufficient or starve'' condition.
[45] We attempted to solve this problem with a numerical approach. Equation (1) is replaced with a set of five-point finite difference equations in which the distribution is represented by M Â N grid cells of size h 1 Â h 2 in the horizontal and vertical directions, where h 1 = L 1 /M and h 2 = L 2 /N. Defining the ratios, r 1 = u/h 1 , r 2 = K x /h 1 2 , r 3 = K z /h 2 2 , the difference equation used at an interior point is,
[46] A variation of the line iteration method is then used to find both q(x, z) and k(x, z). Horizontal lines were used, and so the last term on the left side of equation (A1) is added to the right. The ''offline'' concentrations in brackets, q(x, z À h 2 ) and q(x, z + h 2 ) are input from their previously calculated lines. In this way each horizontal line of grid cells represents a system of equations with a tridiagonal matrix of the form
where T i represents the methane concentrations on a particular line with M intervals of h 1 .
[47] This system can be solved with a well-known algorithm [e.g., Young and Gregory, 1973] . In this system, only the diagonal B i coefficients contain k i . the specific rate in each cell on the horizontal line. Normally, B i is known and each line of concentrations is solved once, one after another, until the entire domain has been ''swept.'' In our procedure, each iteration consists of repeatedly solving each line, before moving to the next, until a distribution of k i = {0, k 1 } has been found that satisfies the ''sufficient or starve'' criterion above. Then the sweep continues with the next line. This is done in the following way:
[48] 1. On beginning a new line, the k i from i = 1 to M are set to k 1 , and the D i coefficients are calculated.
[49] 2. The line of concentrations, T i , is then solved for.
[50] 3. Proceeding from i = 1 to M, each T i is checked to see if T i < c b . When this is found to be true, then the rate constant at that point is checked to see if k i = k 1 . If this is also true, then k i at the current value of i is set to zero and the line of concentrations is recalculated (step 2). If these conditions are not met, then k i is not altered and the next concentration at i = i + 1 is checked.
[51] A flow diagram of this procedure is illustrated in Figure A1 . The shaded portion consists of a fornext loop in BASIC that tests each of the concentrations. If at a given T i , both criteria are met, then k i is set to zero and the for-next loop is exited. A loop-while statement then returns the program to recalculate B i and solve for T i again.
[52] This procedure appears to work, but it requires attention since the system does not completely converge to a unique set of k(i, j). Instead, one reaches a point where most of the k(i, j) remain unchanged from iteration to iteration, but a small number of the k(i, j) ''flicker,'' with about an equal number turning off and the other half on during any given iteration ( Figure A2 ). In the computation in this work, there are 5000 cells on a 100 Â 50 grid. After 90 iterations, about 99% of k(i, j) in these cells remain steady. This region is shown by the white (k(i, j) = 0) and gray (k(i, j) = 10 a À1 ) areas in Figure A3 . k(i, j) changes in the remaining 57 cells (colored in Figure A3 ), about 34 at a time during each iteration, with about half of these k i,j turning on and the other half turning off. Most of these grid cells lie on the boundary between consumption and no consumption; a few additional cells are located at the right boundary of the model. Some of the k i,j on the edge of the consumption region change back Figure A1 . Flow diagram of procedure used to determine k(i,j) on line j during the line iteration. The gray region is a conventional for-next loop that will be exited with the current i value in the case that the current k(i,j) is changed from k 1 to 0. Figure A2 . The number of k(i,j) changing from 0 to 10 a À1 (''on,'' gray points) and from 10 a À1 to 0 (''off,'' black squares) on each iteration. and forth on almost every iteration. The other grid cells change less frequently. The distributions of methane concentration and d 13 C produced by any particular matrix of k values after the 90th iteration are very nearly the same. Thus, there appears not to be a unique solution but instead a set of nearly identical areal distributions of the digital k values that satisfies the discontinuous rate criteria. Because of the ''flickering'' k(i, j), q(x, z) also does not completely converge during this procedure. Convergence of the methane distribution is achieved by fixing k at some point after the on versus off changes come into balance and then continuing the line iteration until q converges. The changes in q(x, z) during this final relaxation are small, but it is necessary to execute this step if the distribution of carbon isotope ratios is to be subsequently calculated. The results we present were obtained by beginning with 91 iterations using the above procedure. The resulting area of the model that contains k i,j = 10 a À1 is outlined in Figure A3 (and shown in gray in Figure 6 ). The steady methane distribution was obtained after an additional 300 iterations with k held constant.
[53] The same matrix of k i,j values is then applied to computing the distribution of the methane carbon isotopic ratio. First, the rate constant matrix as determined above is replaced by 
